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Abstract: Precious metal-free catalysts for oxygen reduction reaction 
(ORR) in proton exchange membrane fuel cells are gaining 
momentum, with Fe-N-C catalysts comprising atomic FeNx sites the 
most promising candidate. Research and development is shifting from 
activity targets to improved stability of Fe-N-C catalysts in fuel cells. 
Their durability has hitherto been extensively studied using 
accelerated stress tests (AST) performed at room temperature and in 
inert-gas saturated acidic pH electrolyte. Here, we reveal stronger 
degradation of the Fe-N-C structure and four times higher ORR 
activity loss when performing load cycling AST in O2- vs. Ar-saturated 
pH 1 electrolyte. Raman spectroscopy results point towards strong 
carbon corrosion after AST in O2, even when cycling at low potentials 
of 0.3-0.7 V vs. the reversible hydrogen electrode, while no corrosion 
occurred after any load cycling AST in Ar. The load cycling AST in O2 
leads to the loss of a significant fraction of FeNx sites, as shown by 
energy dispersive X-ray spectroscopy analyses, and to the formation 
of Fe oxides. The results support that the unexpected carbon 
corrosion occurring at such low potential in the presence of O2 is due 
to reactive oxygen species produced between H2O2 and Fe sites via 
Fenton reactions. 
Introduction 
The search for alternative decarbonized energies represents one 
of the most important challenges for the coming decades. In this 
context, hydrogen could help in the storage and conversion of 
renewable energies (solar, wind, geothermal) in an efficient and 
reliable manner. Proton exchange membrane fuel cells 
(PEMFCs) are well positioned to become a cornerstone of the 
future renewable energy landscape but the significant amount of 
platinum (Pt) required to accelerate the oxygen reduction reaction 
(ORR) kinetics casts a shadow on their economic attractiveness 
and long term sustainability [1]. The constraints associated with 
the use of precious metals are strong incentives for developing 
catalysts that are free of Pt group metals (PGM). Among few 
alternatives in acidic medium, the most mature sub-class of PGM-
free ORR catalysts is prepared via the pyrolysis of metal atoms 
(Fe or Co), nitrogen (N) and carbon (C) precursors. The most 
active sites in such materials have recently been identified, for the 
acidic medium, to be atomically dispersed metal cations (Fe, Co) 
coordinated with nitrogen atoms, themselves embedded in 
stacked graphitic sheets (MNx moieties). Whereas the nature of 
such active sites is very different from metallic nanoparticles in Pt-
based catalysts, for both families of catalysts the overall mass 
activity toward ORR (MA) can be conceptually expressed as the 
mathematical product of the site density (SD, sites·gcatalyst-1) and 
the intrinsic turnover frequency of a given site (TOF, 
electron/site/s at a given potential) [2]. While it is difficult to 
experimentally assess the SD and TOF values for such materials, 
also taking into account the possibility of multidunous FeNx site 
structure variations with different TOF values, the concept that 
overall activity is mainly guided by two independent parameters, 
SD and TOF, has been useful in rationalizing research and 
development efforts for maximizing the initial ORR activity of M-
N-C materials in acidic medium. Knowledge of the SD in M-N-C 
cathodes is also important to guide the design of PEMFC 
cathodes, a few but very active FeNx sites contributing to the 
experimentally demonstrated higher mass-transport resistance of 
such PGM-free catalyst layers [3].  
Although important learnings and achievements have been 
reported on the MNx active sites, the fate of such sites after 
various time lapse and/or operating conditions in acidic media is 
still relatively underexplored, inhibiting rational approaches to 
improve their durability. Four main degradation mechanisms of 
Fe(Co)-N-C catalysts in acidic medium have been identified 
hitherto: 
i) Mild surface oxidation of the carbon material (e.g. 
by reactive oxygen species (ROS) following the 
formation of H2O2 by-product [4]), which hosts the 
MNx moieties, yielding unmodified SD but 
decreased TOF values due to a modification of the 
carbon surface properties with increasing content 
of oxygen functional groups [5], this type of 
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deactivation being partially reversible upon 
reduction of the carbon surface. 
ii) Protonation of highly basic nitrogen groups, 
followed by anion adsorption [6], which in ex-situ 
conditions (no electrochemical potential applied), 
was shown to be also partially reversible, while a 
fraction of the sites also irreversibly demetallated 
during acid wash. This phenomenon is particularly 
important for NH3-pyrolyzed catalysts or as-
prepared catalysts with highly basic N-groups. 
iii) Demetallation of the MNx active sites in acid 
medium [7], which has been recently shown to be 
accelerated when the electrochemical potential is 
decreased in the ORR range (0.3-0.8 V vs. the 
reversible hydrogen electrode, RHE) while 
demetallation is slowed down or insignificant in 
open circuit potential conditions (0.9-1.0 V vs. 
RHE). 
iv) Carbon corrosion and subsequent loss of MNx sites 
during accelerated stress tests (ASTs) mimicking 
uncontrolled and transient start/stop (ST/ST) of 
PEMFCs [7c, 8]. 
Since one or several of these deactivation/degradation 
mechanisms may occur in parallel during PEMFC operation, and 
due to time-consuming PEMFC experiments, ASTs have been 
developed for PEMFC and also for rotating disk electrode (RDE) 
studies. Inspired from the protocols previously developed for Pt-
based catalysts, the stability of PGM-free catalysts has mostly 
been investigated hitherto using ASTs in inert-gas saturated liquid 
electrolyte at temperature  25°C [7c, 9]. The main degradation 
phenomena expected for Pt/C under such conditions are particle 
agglomeration or particle detachment, and Pt leaching for under-
coordinated Pt atoms [10]. Survival of PGM-free active sites to the 
contact with acidic electrolyte is, compared to Pt/C catalysts, a 
non-trivial and important topic that needs a solid verification 
before moving to the investigation of their stability in more realistic 
and aggressive conditions, e.g. under O2, implying the on-site 
production of H2O2, known to result in highly oxidizing ROS 
species, and additional related phenomena that do not occur in 
inert-gas saturated electrolyte. 
In this work, we lean on the methodology reported in ref [7c] to 
investigate the fate of FeNx sites in the Fe-N-C catalyst that was 
found to be the most active and most stable one in our previous 
work, labelled Fe0.5RP. The latter reached less than 25 % loss in 
ORR mass activity after 30 k load cycles between 0.6 and 1.0 V 
vs. RHE in 80°C deaerated sulphuric acid electrolyte. This AST is 
similar to the one defined by the United States Department of 
Energy (US DoE) for MEA testing in PEMFC (30 k square-wave 
load cycles between 0.60 and 0.95 V, 80°C, in H2/N2 PEMFC), 
and the observed stability in such similar conditions matches the 
US DoE target for PGM-free catalysts (< 40% loss in initial mass 
activity after 30 k load cycles). We here move to investigating the 
very same catalyst, this time in O2-saturated electrolyte, following 
the SD and TOF values with nitrite stripping methodology, the 
structural properties with transmission electron microscopy (TEM) 
and Raman spectroscopy and the chemical properties with 
energy dispersive X-ray spectroscopy in scanning transmission 
electron microscopy (STEM/X-EDS). The presence of O2 is a 
priori not expected to play a direct role on electrochemical carbon 
corrosion, for which the reactant is water and not O2, but may 
indirectly trigger the formation of H2O2 via 2+2 or 2X2 ORR 
mechanisms, the latter producing on-site hydroxyl (OH) and 
hydroperoxo (OOH) species via Fenton’s reactions in acidic 
electrolyte [4a, 9d]. The possible role of H2O2 and ROS species was 
originally underlined by Lefevre et al. [4a]. These ROS, in particular 
OH, readily react with unsaturated aliphatic or aromatic 
compounds, yielding first oxygen-containing carbon surface 
groups (reversible deactivation by H2O2, Goellner et al. [4b] and 
Choi et al. [5]) and ultimately possibly resulting in the formation of 
volatile carbon corrosion products, CO and CO2 [9e], leading in this 
case to metal leaching via destruction of MNx sites (irreversible 
degradation). More recently, using a kinetic model describing the 
degradation rate of PGM-free ORR catalysts, Yin et al. [11] and 
Martinez et al. [12] confirmed that peroxide and/or peroxide derived 
radicals are likely responsible for the performance loss in PEMFC 
devices. However, a detailed picture of the structural and 
chemical changes associated with H2O2 
production/decomposition is still lacking. Beside this effect, it may 
be argued that binding of O2 to MNx sites during ORR may weaken 
the Metal-N bonds and accelerate demetallation relative to the 
same experimental conditions (electrochemical potential, 
electrolyte) but under an inert atmosphere [13]. 
To gain insights into the possible role of ORR by-products on the 
degradation of non-PGM catalysts, we conducted mainly two 
different ASTs on a ZIF8-derived Fe-N-C catalyst composed of 
atomically-dispersed Fe atoms, either in Ar or O2-saturated acidic 
electrolyte. The two ASTs are: (i) a load-cycling (LC) protocol 
composed of 10,000 square cycles between 0.6 and 1.0 V vs. 
RHE (holding time 3 s at each potential) and (ii) a ST/ST protocol 
composed of 500 square cycles between 1.0 and 1.5 V vs. RHE 
(holding time 3 s at each potential). If not otherwise mentioned, 
ASTs were by default conducted at 80°C. Temperature plays a 
key role in the rate of electrochemical carbon corrosion, and may 
also impact the rate at which metal cations demetallate from the 
MNx moieties [8]. Changes in chemistry, structure and morphology 
of the Fe-N-C catalyst were determined using a set of ex situ and 
in situ characterization techniques. The key result is that the O2 
saturation of acidic electrolyte combined with load cycling leads 
to significantly enhanced loss of ORR activity compared to the 
same load cycling ASTs but performed in Ar–saturated electrolyte. 
This enhanced deactivation is correlated with enhanced 
demetallation of FeNx sites (significant loss of at least some of the 
FeNx sites) under such conditions, as a result of the combination 
of low potential during load cycling and O2 presence. The 
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apparent overall loss of activity can thus be assigned to both i) a 
reduced number of FeNx active sites, and ii) a reduced turnover 
frequency of the FeNx sites that survived the O2 load cycling ASTs, 
as a result of surface oxidation of the carbon surface via Fenton 
type reaction, as previously demonstrated ex situ [5]. Depending 
on temperature and potential limits used during load cycling, Fe 
cations leached during these ASTs are either removed from the 
active layer or reprecipitate as Fe oxide nanoparticles. In contrast, 
during ST/ST protocol, the nature of the gas saturating the 
electrolyte does not play a significant role on the final ORR activity. 
Results 
Physico-chemical characterization of Fe0.5RP 
The Fe-N-C catalyst studied in this work, labelled Fe0.5RP, was 
synthesized by ramp pyrolysis up to 1050°C in Ar of a mix 
comprising ZIF-8, Fe(II) acetate and phenanthroline (see 
Supporting Information). Compared to the initial work [14], a ramp 
instead of flash pyrolysis was applied here, [15] as it was shown to 
result in higher activity and stability in acid medium [7c]. The weight 
loss during pyrolysis is ca. 70 wt. % and Fe content (measured by 
X-ray fluorescence) in Fe0.5RP ca. 1.3 wt. %. Low magnification 
and high-resolution TEM images in various locations (Figures 1a-
b) could not detect Fe clusters. The atomically dispersed nature 
of Fe was confirmed by extended X-ray absorption fine structure 
(EXAFS) spectroscopy (Figure 1c) showing peaks at distances 
of 1.4 and 2.4 Å, assigned to Fe–N and Fe–C backscatterings due 
to the first and second coordination spheres in FeNxCy moieties, 
respectively. Also, the presence in the 57Fe Mössbauer spectrum 
measured at 5 K of only two quadrupole doublets labelled D1 and 
D2, fingerprints of FeNxCy moieties in different oxidation and spin 
states,[16] (Figure 1d) confirms the absence of Fe aggregates in 
Fe0.5RP. 
 
Figure 1. Physico-chemical characterizations of Fe0.5RP. (a) Low-magnification 
and (b) high-resolution transmission electron microscopy images (c) Magnitude 
of Fourier transform k2χ (R) Fe K-edge EXAFS spectrum. (d) 57Fe Mössbauer 
transmission spectrum at 5 K and its fitting with D1 and D2 doublets. The fitted 
isomer shifts for D1 and D2 are 0.50 and 0.64 mm s-1, respectively, and the 
fitted quadrupole splittings 1.14 and 2.86 mm s-1, respectively. 
Effect of Ar and O2 saturating gas on the electrocatalytic 
properties after AST protocols 
The normalized MA at E = 0.80 V vs. RHE of Fe0.5RP before and 
after ASTs conducted either in Ar- or O2-saturated acidic 
electrolyte are shown in Figure 2a (polarisation curves were 
corrected from pseudocapacitive current, Ohmic drop and O2 
diffusion in solution). Normalized MA values at E = 0.85 V vs. RHE 
are reported in Figure S1 while absolute MA values and half-
wave potentials are reported in Table S1 and Table S2. The MA 
at 0.85 V of Fe0.5RP is comparable to that of state of the art Fe-N-
C catalysts, especially taking into account it was not subjected to 
NH3 pyrolysis (Table S2 and Ref. [17]). Limited ORR activity 
decrease is observed after the Ar-LC AST (-16 %), and assigned 
to demetallation from a minor fraction of acid-unstable surface 
FeNx moieties present in the pristine Fe0.5RP sample (not 
subjected to any acid leaching during synthesis), in agreement 
with our former results [7c]. Significantly higher ORR activity 
decrease is observed (-66 %) after the O2-LC protocol. This is 
paralleled by obvious increase of the cyclic voltammogram (CVs) 
capacitive current after the O2-LC protocol (Figure S2) vs. Ar-LC 
(see Figure S3 in our ref [7c]). This increased capacitive signal can 
be assigned either to increased pseudocapacitance via e.g. the 
introduction of oxygen functional groups, or increased carbon 
surface area as a result of formation of novel pores and or rougher 
carbon surface. In contrast, the nature of the saturating gas had 
little influence on final ORR mass activities after ST/ST protocols, 
revealing that it is the combination of LC protocol with the 
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presence of O2 that leads to enhanced deactivation that is O2-
specific. ORR activity decrease may be the result of decreased 
SD, decreased TOF, or a combination of both factors. The general 
observation that O2 and LC mode are both necessary for 
enhanced activity loss suggests that the additional degradation 
mechanism in such conditions may be due to i) the ORR process 
itself on FeNx sites (O2 binding on Fe2+ centres, destabilizing the 
latter during ORR) or ii) the ORR leading to H2O2 by-product, and 
the latter forming ROS by Fenton type reaction. Mechanism i) 
would simply lead to a loss of active sites. For ii), ROS species 
could in turn lead first to mild and reversible surface oxidation of 
carbon that induces a decreasing TOF of FeNx sites, but no 
destruction of these sites [5]. Upon prolonged cycling, ROS 
species may lead to irreversible carbon corrosion leading in turn 
to the destruction of a significant fraction of FeNx sites, this 
mechanism being similar to what is observed in ST/ST conditions 
[7c, 18]. 
To gain more insights into the reasons for the decreased ORR 
activity during these ASTs, the SD of the fresh and aged Fe0.5RP 
catalysts was determined using the nitrite stripping method 
introduced by Malko et al. [2]. This method relies on the 
chemisorption of nitrite ions onto the Fe2+ centres of FeNx sites at 
pH 5.2, followed by reductive stripping, the charge of which 
directly leads to the SD value and then, by combination with the 
change in MA measured at pH 5.2 before/after nitrite 
chemisorption, leads to the average TOF values (see Supporting 
Information). We note that, while this method has been applied to 
different as-synthesized Fe-N-C catalysts [2, 19], it has not yet been 
applied to aged Fe-N-C catalysts, which may lead to unexpected 
complexities, as shown and discussed later. Figure 2b and 
Figure 2c display the normalized values before/after ASTs of SD 
and TOF, respectively. CVs and ORR polarization curves before, 
during and after nitrite adsorption are also shown in Figure S3. 
After Ar-LC, the SD and TOF values were nearly unchanged 
(within the error bar), which is consistent with the mild changes of 
MA observed in these experimental conditions, suggesting little 
change of the catalyst structure, surface chemistry and type of 
active sites (note that MA values were determined at pH 1.0 and 
loading 0.8 mgpowder cm-2 while SD and TOF values were 
measured at pH 5.2 and loading 0.3 mgpowder cm-2). On the 
contrary, after the O2-LC protocol, the SD value surprisingly 
increased (+40%) and the average TOF value significantly 
decreased (-50 %). One may think of at least three explanations 
for increased SD value: i) some surface FeNx sites that existed in 
the fresh catalyst but that were not sensed by the nitrite method 
became active for nitrite adsorption after the O2-LC protocol, ii) 
more FeNx sites are exposed to the surface after O2-LC, iii) more 
Fe atoms are exposed to the surface after O2-LC, but not 
necessarily all in the form of FeNx sites. Note that we can rule out 
that increased SD after O2-LC might be the result of the formation 
of specific oxygen-containing groups created on the carbon 
surface during the O2-LC AST, since no nitrite strippping charge 
was measured after O2-LC on a N-doped carbon (free of FeNx 
sites, and labelled NC) material (Figure S4). For hypothesis i), 
reduction of Fe3+Nx sites into Fe2+Nx sites during load cycling may 
explain an increased SD. However, it does not appear logical that 
a switch from Ar to O2 saturating gas would increase the SD value 
measured by nitrite stripping method in this hypothesis. For 
hypothesis ii), some support is provided by the increased CV 
signal after the O2-LC protocol. Carbon corrosion could have 
exposed more FeNx sites to the surface. It can however be 
expected that it would also have led to the destruction of at least 
a fraction of the initial FeNx active sites. Hypothesis iii) seems 
therefore more attractive to explain all experimental phenomena, 
i.e. increased SD, increased pseudocapacitive current and strong 
ORR activity decrease. More information is however needed on 
the fate of FeNx sites during O2-LC and on what Fe species the 
nitrite stripping method probes on aged Fe0.5RP catalyst. As the 
next section on physico-chemical characterisation will show, FeO 
particles are detected after the O2-LC protocol.  
To unveil whether the nitrite stripping method is sensitive to Fe 
oxides, we deposited 10 wt % Fe2O3 commercial nano-oxides on 
the N-doped carbon, and we label it Fe2O3/NC. The NC was 
prepared as Fe0.5RP except that no Fe acetate was used. TEM 
images of the Fe2O3/NC catalyst shown in Figure S5a-b display 
particles in the range 20 to 150 nm. Room temperature 
Mössbauer spectroscopy identifies one sextet that can be 
assigned to Fe2O3 particles (Figure S5c). The nitrite stripping 
method was then applied to Fe2O3/NC. The CVs and ORR 
polarization curves before, during and after nitrite adsorption are 
shown in Figure S6. The results demonstrate that nitrite ions 
probe the Fe2O3 particles and that such particles have non-zero 
ORR activity. Slightly higher SD but much lower TOF was found 
for Fe2O3/NC (with 10 wt. % Fe oxide) relative to Fe0.5RP (ca. 
1.3 wt. % Fe content) (Figure S5d). These striking results 
demonstrate that the SD value measured by the nitrite stripping 
method can actually include not only ferrous centres from FeNx 
sites but also from other structures. It is therefore important to 
characterise in-depth the aged Fe0.5RP catalysts before further 
discussing the SD values after AST protocols shown in Figure 2b. 
Likewise, the average TOF values after the different AST 
protocols (Figure 2c) must be considered with caution at this 
stage, since they are derived from the differential MA value 
measured before and after nitrite adsorption divided by the SD 
value. If some of the aged Fe0.5RP catalysts contain both FeNx 
sites and Fe oxide particles, the SD number actually 
overestimates the number of surface-located FeNx sites after AST.  
In turn, the average TOF value then underestimates the TOF of 
those FeNx sites that survived the AST. With this in mind, Figure 
2c shows that the average TOF value after all AST protocols 
significantly decreased, except after the Ar-LC protocol. The 
average TOF values after the O2-LC, Ar- ST/ST and O2- ST/ST 
protocols are similar. These protocols however lead to different 
Fe speciation after AST, as shown in the next section. 
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Figure 2. ORR activity at pH 1, site density and turnover frequency at pH 5.2 
determined by nitrite striping method before/after Ar-LC, O2-LC, Ar- ST/ST and 
O2- ST/ST. (a) Normalized mass activity of Fe0.5RP at E = 0.8 V vs. RHE. The 
mass activity towards the ORR was measured in O2-saturated 0.1 M H2SO4 at 
1600 rpm, T = 25 °C and at a scan rate v = 5 mV s-1. The catalyst loading was 
800 µg cm-2. (b) Normalized site density of Fe0.5RP catalyst. (c) Normalized TOF 
of Fe0.5RP catalyst at E = 0.8 V vs. RHE. The site density and the TOF value 
were determined in acetate buffer at pH 5.2 and the catalyst loading was 300 
µg cm-2. All LC-protocol experiments were repeated at least twice and the error 
bars correspond to the standard deviation of the measurements. 
To shed light on how the presence of O2 during the LC protocol 
may have triggered increased deactivation compared to the same 
LC but under argon, rotating ring disk electrode (RRDE) 
measurements were performed to quantify H2O2 formed during 
ORR. Peroxide was in fact recently shown to deactivate Fe-N-C 
via heterogeneous non-electrochemical reaction, even in the 
absence of ORR [5]. Three different Fe0.5RP loadings were used: 
100, 200 and 400 µg cm-2. Figure S7 shows that the %H2O2 
steeply increased with decreasing loading. A low catalyst loading 
is known to be more representative of the true selectivity of M-N-
C catalysts, high loadings showing lower apparent % H2O2 due to 
chemical and/or electrochemical decomposition of peroxide 
through the active layer, decreasing the amount of peroxide 
detected at the ring electrode. [7b] While this effect has been 
reported previously for various Fe-N-C catalysts [7b, 20], the effect 
of catalyst loading on the activity before/after O2-LC has not yet 
been reported. Figure S8 shows that the normalized MA of 
Fe0.5RP after the O2-LC protocol continuously increased with 
decreasing Fe0.5RP loading. In other words, Fe0.5RP deactivates 
less in a thin layer than in a thick layer during O2-LC protocol. This 
trend can be explained by the faster removal of peroxide in thin 
layers, mitigating the chemical reaction of the produced peroxide 
with Fe-based active sites. 
While H2O2 formed during ORR is a recognized additional source 
of deactivation for Fe-N-C catalysts during load cycling under O2- 
vs. under Ar-saturation, electrochemical carbon corrosion 
triggered by electrochemical potential is another possible source 
of degradation. A priori, one would not expect enhanced 
electrochemical carbon corrosion during load cycling in O2 vs. in 
Ar, because O2 is not formally present in the reaction equation for 
electrochemical carbon corrosion. However, experimentally, we 
observed a stronger CV signal after O2-LC (Figure S2a) than after 
Ar-LC (Figure S3 in our previous work[7c]), suggesting increased 
pseudocapacitance or enhanced corrosion in presence of O2. For 
this reason, we decided to investigate the effect of temperature 
and potential-range on the activity after O2-LC protocol, both 
being parameters controlling the rate of classical carbon corrosion. 
As shown by Figure S9a, the normalized MA value after O2-LC 
performed at 25°C was slightly higher than that after O2-LC 
performed at 80°C (0.66 vs. 0.40). This slight difference is not in 
line with the huge increase in the kinetics of the classical 
electrochemical carbon corrosion from 25 to 80°C (ca. x20 to x40) 
reported by us previously for Fe-N-C and Pt/C catalysts [9b, 18a, 21]. 
Similarly, changing the potential range from 0.6-1.0 V vs. RHE to 
0.5-0.9 V vs. RHE or even 0.3-0.7 V vs. RHE during O2-LC at 
80°C did not significantly change the final ORR activity (Figure 
S9a), suggesting that a higher electrochemical potential (up to 
1.0 V vs. RHE) does not lead to strongly increased degradation 
during O2-LC. Again, this is in contrast with results that would be 
expected if the deactivation during O2-LC was controlled by 
classical electrochemical carbon corrosion. Figure S9b and 
Figure S9c show that the two different O2-LCs performed at 80°C 
(different upper and lower limits of potentials) all lead to increased 
SD and decreased TOF values (normalized vs. fresh material), 
respectively. The O2-LC performed at 25°C however resulted in 
normalized SD and TOF values much closer to unity (i.e. closer 
to values found in the fresh catalyst). The next section will show 
that temperature plays a role on the fate of Fe species that leach 
out during AST, the normalized SD values >1 being related to 
reprecipitation of leached Fe cations from FeNx sites as Fe oxides. 
Physico-chemical characterization of Fe0.5RP before/after 
AST protocols 
TEM images of Fe0.5RP after the different ASTs are displayed in 
Figure 3. Whereas Figure 3a shows no Fe or Fe oxide particle 
after the Ar-LC protocol, Figures 3b-c evidence the presence of 
many particles of 10-50 nm size after the O2-LC protocol. In 
contrast, after the ST/ST protocol at 80°C, no particles were 
observed (not shown). The local Fe content on the particle-free 
RESEARCH ARTICLE          
 
 
 
 
areas, estimated by X-EDS analyses, decreased by only ca. 19 % 
after Ar-LC but by 83 % after O2-LC (Figure 3d). The local Fe 
content after ST/ST protocol probed by local X-EDS analyses (at 
least five different circular regions of 100 nm diameter) decreased 
by ca. 70%, regardless of the saturating gas atmosphere, (Figure 
3d). Note that these analyses remain local and reflect the Fe 
content on particle-free areas, and cannot be generally 
assimilated with the average Fe content, especially after O2-LC. 
XRD measurements performed on the fresh and aged Fe0.5RP 
catalysts revealed additional diffraction peaks after O2-LC that 
can be assigned to FeO (PDF 00-046-1312, Figure 3e) or Fe0.9O 
(würstite, PDF 04-001-9267). Spatially-resolved STEM/X-EDS 
elemental maps displayed in Figure S10 confirmed the 
simultaneous presence of O, C and Fe in the nanoparticles 
observed after the O2-LC protocol. This does not exclude the 
presence of other Fe crystallites with (sub)-nano-size, that would 
be below the detection limit of XRD and STEM/X-EDS. The 
presence of FeO may appear at first surprising since the stable 
form of Fe at pH < 2 is solvated Fe2+ or Fe3+, depending on the 
electrochemical potential (below or above ca. 0.77 V vs. RHE, 
respectively) [22]. However, at potentials > ca. 0.77 V vs. RHE, 
FeO/Fe2O3 particles can also be thermodynamically stable at pH 
> 2, and the position of the vertical pH limit in the Fe Pourbaix 
diagram strongly depends on the Fe oxide particle size, with 
nanoparticles shifting the position of that line toward more acidic 
pH values (pH limit below 1.8 at temperature close to 100°C, [23] 
such as that employed in this study). No diffraction patterns that 
may be assigned to Fe-rich phases were seen on the XRD after 
the Ar-LC, Ar-ST/ST or O2-ST/ST, in line with TEM analyses.  
The carbon structure was then investigated by Raman 
spectroscopy. As shown by Figure S11, the D1 (1350cm-1) and G 
(1580 cm-1) bands considerably narrowed after the O2-LC protocol, 
but remained nearly unchanged after the Ar-LC protocol. Similarly, 
the intensity of the D3 band (1495 cm-1) decreased after the O2–
LC but remained unaffected after the Ar-LC protocol. We also 
notice in Figure 3f, the emergence of three different bands, 
located at 2710, 2920 and 3240 cm-1, in the second-order Raman 
spectrum after the O2-LC protocol. These three bands are 
attributed to a combination of D1 and G bands overtone [9c, 24], and 
suggest preferential corrosion of the structurally-disordered 
carbon domains present in the Fe0.5RP catalyst during O2-LC, 
leaving behind the more graphitic domains, in agreement with 
former findings [7c]. Note also that the Raman spectra after the O2-
LC and the O2-ST/ST protocols are similar, thus supporting our 
hypothesis that carbon corrosion was intense during the O2-LC 
protocol.  
TEM was also used to analyse the aged Fe0.5RP catalysts after 
load cycling in O2 atmosphere but at 25°C (Figure S12a) and after 
load cycling in O2 atmosphere at 80°C but in the potential range 
of 0.5-0.9 V vs. RHE (Figure S12b). In contrast to O2-LC at 80°C 
(Fe oxide particles observed), O2-LC at 25°C does not lead to the 
formation of Fe oxide particles. In the latter case, the nitrite 
stripping method probes only FeNx sites after the AST, and the 
very low decrease of SD number after O2-LC at 25°C reported in 
Figure S9b (-10%) suggests that the decrease in MA after the 
same AST (-34%) (Figure S9a) can mostly be assigned to a 
reduced TOF of otherwise unmodified FeNx sites (i.e. same 
phenomenon as seen for ex-situ peroxide treatment). 
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Figure 3. Structural and physico-chemical characterizations of the catalytic layer before and after the different ASTs at 80 °C. TEM images after (a) Ar-LC and (b-
c) O2–LC. (d) Normalized local Fe content according to X-EDS analyses on particle-free areas after the different ASTs. Error bars were obtained from at least six 
measurements. Figure 3d is a local analysis, and cannot be generally assimilated with the average Fe content, especially after O2-LC. (e) X-ray powder diffraction 
patterns before and after the different ASTs. Three main crystallite phases can be indexed: (▪) Fe cubic Fm-3m (PDF 04-002-3692), (*) iron oxide FeO cubic Fm-
3m (PDF 00-046-1312) and graphitic C (PDF 00-056-0159), the latter not indexed in the figure. (f) Raman spectra before and after the different ASTs. 
Discussion 
Following the electrochemical and physico-chemical 
characterizations, we here discuss all the results together to draw 
conclusions on the main degradation mechanisms occurring in 
the different ASTs, and focusing on load cycling under O2, in 
different conditions (temperature, lower and higher potential limits 
during the AST). Coming back to Figure 2, the trends of MA, SD 
and TOF can now be explained in more detail. After Ar-LC, the 
very small change in MA, SD and TOF values can simply be 
explained by the fact that the vast majority of FeNx sites survived 
the AST. The post-AST XRD and TEM analyses do not reveal any 
Fe or Fe oxide particles, while local X-EDS analyses indicate a 
same content of FeNx sites as in the fresh catalyst, locally (Figure 
3d). Moreover, no change in the carbon structure was observed 
(Figure 3e and Figure 3f). In contrast, after O2-LC (80°C), 
Figure 2 showed a decrease in MA, and an increase in SD, while 
post-AST XRD, TEM and STEM/X-EDS identify the presence of 
Fe oxide nanoparticles (Figure 3e and Figure S10). These oxide 
particles originate from the leaching of Fe from FeNx sites, 
reprecipitating as Fe oxides on the N-doped carbon surface, in 
those cycling conditions. If only FeNx sites that were located on 
the top surface in the fresh catalyst had leached and precipitated, 
one would expect, at most (if all Fe atoms of Fe oxides are nitrite-
accessible, which is not the case), a same SD value before and 
after the AST, since we showed that the nitrite stripping method 
is sensing both FeNx sites and Fe oxides. However, the SD value 
is significantly higher after O2-LC (80°C), +40%. This can be 
explained only if more Fe atoms are exposed on the surface after 
the AST than initially. In turn, this implies that some Fe atoms 
initially situated in the bulk (as FeNx sites) were brought to the 
surface during the AST. This is possible only if carbon corrosion 
occurred, and evidence is given for this by the increased CV 
signal (Figure S2a) and narrower Raman bands after O2-LC 
(Figure S11b). The higher SD value after O2-LC is thus an artifact, 
and not representative for the number of FeNx sites remaining 
after this AST. Similarly, the TOF reported after O2-LC is not 
representative of the TOF of FeNx sites that survived the AST, 
due to presence of Fe oxides after O2-LC performed at 80°C. The 
true SD value of FeNx sites after O2-LC at 80°C is therefore lower 
than the value reported in Figure 2b, and the true TOF higher 
than reported in Figure 2c, for this AST. Our results thus identify 
the conditions that lead to deactivation/degradation of Fe-N-C 
materials in PEMFC cathode conditions, with complex and 
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unexpected phenomena occurring during load cycling in the 
presence of O2. While we use the terminology of carbon corrosion 
to describe the structural changes occurring to carbon in those 
conditions, it should be underlined that this corrosion mechanism 
is quite distinct from the better known electrochemical carbon 
corrosion occurring during ST/ST protocols. While the latter is 
highly dependent on electrochemical potential, the results shown 
here reveal that this is not the case for the carbon corrosion 
occurring during load cycling under O2 atmosphere on this Fe-N-
C catalyst. For example, performing the same load cycling in O2 
at 25 or 80°C lead to quite similar loss in MA, while moving the 
lower and upper potential limits during the load cycling (from 0.3 
to 0.6 V and 0.7 to 1.0 V, respectively) did not impact the extent 
of degradation of the material (Figure S9a). In parallel, we verified 
that the peroxide produced during ORR and the electrode 
thickness play an important role in the extent of MA loss during 
the load cycling in O2 (see Figure S7 and Figure S8). It therefore 
seems that H2O2 and/or ROS formed in situ on the FeNx sites 
during ORR are causing not only mild oxidation of the surface (as 
reported for ex situ treatment of Fe-N-C by H2O2, chemically) but 
also irreversible carbon corrosion, i.e. forming volatile products 
CO and CO2, leading to the formation of new pores (increased 
carbon area), but also to the destruction of a fraction of the FeNx 
active sites. In contrast to classical electrochemical carbon 
corrosion, this phenomenon proceeds at significant rate even in 
the moderately high potential region of 0.6-1.0 V and even in the 
region of 0.3-0.7 V vs. RHE (Figure S9). The results also show 
that the Fe cations leached from FeNx can either reprecipitate as 
Fe oxides at 80°C, but seem to diffuse away in the electrolyte at 
25°C (Figure S12). The absence of Fe oxide particles after load 
cycling in O2 at 25°C, a temperature used by most researchers 
when performing RDE studies, may explain why the phenomenon 
of FeNx transformation into Fe oxides had not been observed 
previously. After load cycling in O2 at 25°C, the Fe-N-C material 
looks exactly the same as the fresh material, except that it has 
significantly less FeNx moieties on the top surface. Bulk 
characterization techniques such as X-ray absorption 
spectroscopy and Mössbauer spectroscopy would show similar 
spectroscopic FeNx signatures before and after such an AST, and 
quantifying the amount of FeNx sites before/after requires 
significant amount of materials, which is typically not the case with 
RDE studies. 
To demonstrate that the reported Fe oxide nanoparticle formation 
from some FeNx sites during O2-saturated load cycling at 80°C in 
RDE is also transposable to the PEMFC operating conditions, we 
applied the O2-LC AST between 0.6 and 1.0 V at 80°C in PEMFC 
on a Fe0.5RP cathode. TEM images of cathode fragments after 
O2-LC reveal a high concentration of Fe nanoparticles 
(Figure S13a-b), while the activity at 0.8 V decreased from 22 to 
4 mA·cm-2 during this AST (Figure S14). The observed 
nanoparticles are probably Fe oxides, based on the results from 
the RDE study. The nanoparticle size observed after O2-LC in 
PEMFC is ca. 10 nm for the largest ones, similar to the size 
observed after O2-LC in RDE (Figure 3b-c), with many particles 
being even smaller. The formation and/or reprecipitation of Fe 
oxide particles seems however inhomogeneous in the cathode 
layer, as shown by the complete absence of particles in other 
locations, Figure S13c-d. This may be due to inhomogeneous 
through-plane utilization of the cathode during ORR at 0.6 V in the 
O2-LC protocol, and/or to the migration of formed Fe oxide 
particles from the membrane-cathode interface to the cathode-
GDL interface. The normalized ORR mass activity at 0.8 V after 
O2-LC (normalized to the initial activity measured in each setup) 
is comparable but slightly lower in PEMFC than in RDE, ca 0.18 
and 0.35, respectively. This enhanced deactivation in PEMFC 
might be due to the thicker cathode loading, 4 mg cm-2, vs. 0.8 mg 
cm-2 used in RDE for Figure 2, and this correlates with the 
cathode loading effect reported in RDE in Figure S8. Alternatively, 
it could be due to the much higher ORR currents produced at 0.6 
V in PEMFC than in RDE. Our observations are also in line with a 
recent study from Zhang et al. [25] on a similar Fe-N-C catalyst with 
exclusively atomically dispersed FeNx sites initially. Fe particles 
were observed after PEMFC operation at 0.85 V for 100 h, while 
the normalized current density at 0.85 V decreased to 0.3. 
Our findings thus unravel an unexpected degradation mechanism, 
which we name as ROS-induced carbon corrosion, shedding 
fundamental light on the complexity of degradation mechanisms 
of Fe-N-C catalysts when performing ORR in application 
conditions. We also show that the nitrite stripping method cannot 
be easily applied to count the number of FeNx sites on aged Fe-
N-C catalysts, unless Fe oxides can be avoided during or 
removed after the AST. Also, we stress that the nitrite stripping 
method is sensitive to Fe2+ and not Fe3+, thus the absolute amount 
of sites might be underestimated. Novel methods that can 
differentiate between Fe oxides and FeNx sites are therefore 
needed, in order to better follow the fate of FeNx sites during 
PEMFC operation. Last, our results show that a significant fraction 
of FeNx sites survived the aggressive load cycling in pure O2 at 
80°C, and it will be important in the near future to understand 
which are the poorly stable FeNx sites and which are the more 
stable ones within Fe-N-C class of materials, in order to rationally 
target the synthesis of novel Fe-N-C materials with increased site 
density of the stable FeNx sites.  
Conclusion 
In summary, by varying the temperature, the upper and lower 
limits of electrochemical potential during load cycling in RDE and 
the gas atmosphere, we have clarified the important role of 
oxygen in the degradation of Fe-N-C nanocatalysts used at 
PEMFC cathodes. Our results demonstrate that load cycling (0.3-
0.7, 0.5-0.9 or 0.6-1.0 V vs. RHE) in the presence of O2 leads to 
unexpected carbon corrosion at such potentials and to the loss of 
a significant fraction of the atomically-dispersed FeNx sites. When 
load cycling is performed at 25°C in RDE, the leached Fe cations 
exit the cathode layer while at 80°C they precipitate as Fe oxide 
particles. In parallel, the normalized ORR activity at 0.8 V vs. RHE 
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decreased to 35 %, in line with the decrease in the site density of 
FeNx sites as probed by local X-EDS analyses. The unexpected 
carbon corrosion is relatively independent of the upper and lower 
limits during load cycling (provided ORR occurs), but dependent 
on cathode loading or thickness. This strongly suggests that H2O2 
and/or reactive oxygen species produced as a by-product of ORR 
on Fe-N-C catalysts is responsible for this type of carbon 
corrosion. These findings shed fundamental light on the complex 
degradation mechanism of Fe-N-C cathode catalysts for PEMFC 
in operating conditions. 
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Stability of Fe-N-C electrocatalysts 
in polymer electrolyte membrane 
fuel cell environment is crucial but 
what governs it? In this 
contribution, we show that reactive 
oxygen species (ROS) being 
produced between H2O2 (a sub-
product of the oxygen reduction 
reaction) and Fe sites via Fenton 
reactions transform atomically-
dispersed FeNx sites into Fe 
oxides. 
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